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Abstract—Shock-related calcite twins are characterized in calcite-bearing metagranite
cataclasites within crystalline megablocks of the Ries impact structure, Germany, as well as
in cores from the FBN1973 research drilling. The calcite likely originates from pre-impact
veins within the Variscan metagranites and gneisses, while the cataclasis is due to the
Miocene impact. Quartz in the metagranite components does not contain planar
deformation features, indicating low shock pressures (<7 GPa). Calcite, however, shows a
high density (>1/um) of twins with widths <100 nm. Different types of twins (e-, f-, and r-
twins) crosscutting each other can occur in one grain. Interaction of r- and f-twins results in
a-type domains characterized by a misorientation relative to the host with a misorientation
angle of 35°-40° and a misorientation axis parallel to an a-axis. Such a-type domains have
not been recorded from deformed rocks in nature before. The high twin density and
activation of different twin systems in one grain require high differential stresses (on the
order of 1 GPa). Twinning of calcite at high differential stresses is consistent with
deformation during impact cratering at relatively low shock pressure conditions. The

twinned calcite microstructure can serve as a valuable low shock barometer.

INTRODUCTION

Calcite is an important rock-forming mineral of the
Earth’s upper crust (e.g., in carbonates and marbles). Its
rheological behavior is important for rapid crustal
deformation processes, ranging from seismic faulting to
impact cratering. Carbonates are present not only on
Earth but also on Mars (e.g., Niles et al.,, 2013), in
micrometeorites (Dobrica et al., 2022), carbonaceous
chondrites (e.g., Grady et al., 1988; Lindgren et al., 2011;
Lee et al., 2014), and their parent asteroids (Kaplan
et al., 2020) and can potentially serve as useful recorders
of deformation phenomena on other bodies in the solar

system. Yet, the way carbonates respond to shock and
behave during impact cratering is poorly constrained
(e.g., Kurosawa et al., 2021, 2022; Stoffler et al., 2018 and
references therein).

In tectonic settings, twinning is the dominant
deformation mechanism of calcite at low temperatures
(<300°C), relatively high strain rates (e.g., 10~* s~ '), and
ambient pressures sufficient to impede brittle deformation
as studied in numerous deformation experiments (e.g.,
Barber & Wenk, 1979; De Bresser & Spiers, 1993, 1997;
Parlangeau et al., 2019; Rowe & Rutter, 1990; Rybacki
et al., 2013, 2021; Schuster et al., 2020). Mechanical
twinning involves the generation and movement of partial
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FIGURE 1. Geological maps of the Nordlinger Ries with white arrows marking the sample locations. (a) Overview with sample
locations NW of Maihingen and the location of the 1973 research drilling (FBN1973). (b) Close up on the area NW of
Maihingen, with outcrops marked as shaded areas and sample locations. Maps edited after: The General Geological Map of the
Federal Republic of Germany 1:250,000 (GUK250), © Bundesanstalt fiir Geowissenschaften und Rohstoffe (BGR). (Color figure

can be viewed at wileyonlinelibrary.com)

dislocations upon shear stress and does not require
thermally activated diffusion (Hirth & Lothe, 1982). It
requires that a critical resolved shear stress is reached on
the given twin plane in the given glide direction, which is
for the known calcite twin systems several tens of MPa
(e.g., Covey-Crump et al., 2017; Parlangeau et al., 2019).
The resolved shear stress on a twin plane in the associated
glide direction is dependent on the differential stress and
the orientation of the twin plane and glide direction to the
principal stress directions according to the Schmid
formula:

Tres = O4 - COSY - COSH,

where 7, 1S the resolved shear stress, o, is the
differential stress, y is the angle of the plane normal to
the maximum principal stress direction, and 6 is the
angle of the glide direction to the maximum principal
stress direction, the term cosy - cosé is known as Schmid
factor, which has an absolute maximum at 0.5. Thus,
the activation of different twin systems is mostly

dependent on the differential stress, whereas strain rate,
temperature, and confining pressures have been found
to have only a minor effect (e.g., Parlangeau et al.,
2019; Rowe & Rutter, 1990). In contrast, the broadening of
twins requires thermally activated dislocation climb and
therefore the twin morphology is dependent on temperature
(Burkhard, 1993; Ferrill et al.,, 2004). Calcite twinning is
well-known in tectonic fault rocks (e.g., Arboit et al., 2015;
Burkhard, 1993; Lacombe, 2007), where it is commonly
used for strain analyses (e.g., Craddock et al, 2022;
Groshong Jr, 1972) and paleostress analyses during faulting
(Lacombe, 2007 and references therein; Rybacki et al.,
2013). Calcite twinning is rarely described from terrestrial
impactites (Burt et al, 2005) and shock deformation
experiments (Kenkmann et al., 2018; Kurosawa et al., 2022;
Langenhorst et al., 2003; Lindgren et al., 2013).

The Ries impact structure is an ideal site to study
calcite deformation during impact cratering, because the
impactites are well preserved with no influence from
subsequent tectonic deformation since the impact about
14.8 Ma ago (Rocholl, Bohme, et al.,, 2018; Rocholl,
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Schaltegger, et al., 2018; Schmieder et al., 2018a, 2018b;
Schwarz et al., 2020). In this study, we use the
microfabrics of twinned calcite in calcite-bearing
metagranite cataclasites within megablocks close to the
peak ring of the Nordlinger Ries structure to identify
the relevant deformation mechanisms (Figure 1). We
compare our results with experimental observations from
shock experiments (Langenhorst et al.,, 2003) and
deformation experiments at high tectonic stresses and high
strain rates (e.g., 10~* s~! Barber & Wenk, 1979; up to 1.7
x 1072 s7! Schuster et al., 2020) and use the twin width,
density and spacing as a paleopiezometer (Rybacki
et al., 2013). From the twinned microstructure, we obtain
information on the deformation conditions, which is a
prerequisite for a better understanding of calcite
deformation during impact cratering.

THE RIES IMPACT STRUCTURE

The Ries is a complex impact structure with a
diameter of about 26 km and was formed about 14.8 Ma
ago in the middle Miocene (Rocholl, Béhme, et al., 2018;
Rocholl, Schaltegger, et al., 2018; Schmieder et al., 2018a;
Schwarz et al., 2020). The impact affected the sedimentary
rocks of the Swabian-Franconian Alb as well as the
underlying Variscan basement, consisting mostly of
metagranites, paragneisses, and amphibolites (e.g., Graup,
1978; Hiittner & Schmidt-Kaler, 1999; Von Engelhardt &
Graup, 1984). Stoffler et al. (2013) distinguished structurally
the inner crater, the inner wall (which probably corresponds
to the rim of the primary inner crater, see Wiinnemann
et al., 2005), and the megablock zone between the inner and
outer crater rim as well as the structural outer crater rim.
Generally, two different ejecta masses are distinguished: the
ballistically ejected Bunte Triimmermassen and the overlying
suevite (e.g., Stoffler et al., 2013 and references therein).

The Bunte Triimmermassen contain melt-free polymict
impact breccia, so-called Bunte Breccia and allochthonous
rotated rocks, which, if over 25 m in size, are referred to as
megablocks that were displaced and fragmented during
crater formation (e.g., Hiittner & Schmidt-Kaler, 1999;
Pohl et al., 1977, Stoffler et al., 2013; Sturm et al., 2015).
The Bunte Breccia is consisting of rock and mineral
fragments that are derived predominantly from the overlying
sedimentary cover, whereas components from the basement
occur in low amounts (a few volume %, Von Engelhardt &
Graup, 1984; <0.15 wt% Horz et al., 1983). The shock
conditions indicated by the sedimentary components of the
Bunte Breccia are generally low, whereas the few basement
components can show shock effects >10 GPa (Horz
et al., 1983; Von Engelhardt & Graup, 1984).

Megablocks that are derived from the basement
comprise less than 10% of the area covered by all
megablocks (Sturm et al., 2015). These so-called crystalline

megablocks mostly show relatively few shock effects
indicating low shock conditions (e.g., kink bands in
biotite, Von Engelhardt & Graup, 1984). However,
brecciated gneisses that occur associated with the
crystalline megablocks can show evidence of various shock
conditions up to a few tens of GPa (e.g., Abadian, 1972;
Hiittner & Schmidt-Kaler, 1999; Stoffler et al., 2013; Von
Engelhardt, 1990; Von Engelhardt & Graup, 1984). These
so-called polymict crystalline breccias can occur within the
crystalline megablocks, as irregular bodies overlying
the Bunte Breccia (Abadian, 1972; Arp et al., 2019), and as
veins within the basement, as shown by the FBN1973
research drill core north of Nordlingen (Stoffler et al.,
1977). In the FBNI1973 research drill cores, veins of
brecciated cataclastic material occur in up to 1187 m
depth (Stidhle & Otteman, 1977; Stoffler et al., 1977). These
breccias contain fragments of basement rocks and pre-
impact veins containing calcite and fluorite (Stdhle &
Otteman, 1977) as well as fragments of the sedimentary
cover sequence, that above 890 m also include limestones
(Stoffler et al., 1977).

Shock effects in various minerals reflecting
transformation at high shock pressures have extensively
been studied in Ries impactites (e.g., coesite/stishovite:
Stdhle et al., 2008; diamond: Hough et al., 1995; zircon/
reidite: Erickson et al., 2017; Stoffler et al., 2013 and
references therein). Studies on shocked calcite, however,
are generally scarce and restricted to suevites (e.g.,
Graup, 1999; Osinski, 2003) and limestone megablocks
(Skala, 2002).

Here, we analyze calcite-bearing metagranite cataclasites
within the gneisses of the crystalline megablocks at Maihingen,
which are part of the Bunte Triimmermassen (e.g., Abadian,
1972; Graup, 1978; Von Engelhardt, 1997) and from the 1973
research drill cores (e.g., Stihle & Otteman, 1977; Figures 1
and 2).

METHODS

Calcite-bearing metagranite cataclasites were sampled
at outcrops of Langenmiihle IT (48°56'2.04” N; 10°29'12.04" E)
close to the village of Maihingen (Figure 1). Samples from
the 1973 research drilling (Figure 1) cored at depths of
975.4 and 977.65 m were selected at the Zentrum fiir
Rieskrater- und Impaktforschung Nordlingen (ZERIN) of
the RiesKrater Museum Nordlingen.

All microscopic analyses were conducted on polished
thin sections with approximately 25 pm thickness. The
microfabrics were analyzed by polarized light microscopy
and scanning electron microscopy (SEM), including energy
dispersive spectroscopy (EDS) and electron backscattered
diffraction (EBSD). For electron microprobe (EMP)
measurements, the samples were carbon coated. For EBSD
analysis, the samples were further mechano-chemically

85UBD17 SUOWIWOD) dAI81D) 3 |aedl|dde ay) Aq pausenob ae sajolLe YO ‘8sn Jo sajnl Joj Arelq 1T auluQ A3]1IAA UO (SUOIIIPUOI-pUe-SWLB)W0D AB | 1M ARe.d 1BU|UO//SANY) SUOI}IPUOD pue SWid | 8L} 88S *[i7202/20/90] Uo Arlqiauluo 8|1 ‘Auewies) aueiyooD Aq 9501T sdew/TTTT OT/I0p/wod A8 [Im: AReiq 1 jpuluo//:sdny woly papeojumod ‘6 ‘€202 ‘00TSSY6T



1290 L. Seybold et al.

o

mixed calite, quartz |

FIGURE 2. Calcite-bearing metagranite cataclasites at outcrop Langenmiihle II, near Maihingen (a—d) and in drill core FBN1973
at about 970 m depth (e, ). (a) Lens of calcite-bearing metagranite cataclasites within foliated gneisses. (b) Vein of calcite-bearing
metagranite cataclasite within foliated gneisses. (c) Close up of calcite-bearing metagranite cataclasites. (d) Polarized light
micrograph showing twinned calcite in veins crosscutting a metagranite calcite clast in the matrix (crossed polarizers). (¢) Light
yellowish carbonate veins, crosscutting grayish matrix comprised of fine-grained carbonate and metagranite fragments
surrounding larger metagranite clasts. (f) Polarized light micrograph (crossed polarizers) shows twinned calcite (cal) and quartz
(qz) in veins hosted by the calcite-bearing metagranite cataclasite. (Color figure can be viewed at wileyonlinelibrary.com)
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polished using a highly alkaline colloidal silicon suspension.
SEM observations were performed using a field emission
Hitachi SU5000 microscope, equipped with a NordlysNano
high-sensitivity EBSD detector (Oxford instruments) and an
EDS detector (Oxford instruments). For acquiring the EDS
and EBSD signals the Aztec analysis software (Oxford
technology) was used. The SEM was operated at
accelerating voltages of 20 kV and a working distance of
10 mm (for EDS measurements) and 20-25 mm (for EBSD
measurements). The step size for automatic EBSD mapping
using a sample holder pre-tilted at 70° with respect to the
horizontal was in the range of 0.5-2 pm, dependent on
the EBSD pattern quality and required resolution. For
EBSD data acquisition, 43 (hkl) planes of highest intensity
of the calcite structure (¢ = 4.99 A, ¢ = 17.064 A, Laue
group 7 (—3 m)) were used. Band detection was set to band
edges and eight bands. Measurements with a mean angular
deviation >1° from the theoretical pattern have not been
considered. The EBSD data were processed using the
Channel5 software (Oxford Instruments). Single pixels that
are different from the surrounding pixels sharing a common
but different orientation and non-indexed points were
automatically replaced with the orientation extrapolated
from six surrounding pixels. Misorientations are analyzed
by characterizing the lowest angle that enables to rotate
one orientation into another, that is, by the misorientation
angle and the misorientation axis (Wheeler et al., 2001).
Twin boundaries are defined by the crystallographically
controlled misorientation angle and misorientation axis
with a maximum deviation angle of 5°. Grains are detected
by a misorientation angle threshold of 10°. These settings
were controlled by comparing the resulting orientation
maps with the band contrast map, to avoid artifacts. All
pole figures are stercographic projections of the lower
hemisphere.

The chemical composition of calcite was measured
using a Cameca SX-100 electron microprobe at the
Department for Earth and Environmental Sciences,
LMU Munich. To avoid damaging of the beam-sensitive
calcite, the following conditions were applied: 15 kV
accelerating voltage, 10 nA sample current, and a 5 pm
defocused beam. The calibration was performed using the
following silicate and oxide standards: albite (Na), quartz
(Si), orthoclase (K, Al), hematite (Fe), periclase (Mg),
dolomite (Ca), and bustamite (Mn).

For transmission electron microscopy (TEM) a thin
foil was cut across a twinned calcite by focused ion beam
(FIB) preparation using a FEI Quanta 3D FEG FIB-
SEM instrument. The ablation of material was performed
using a Gallium ion beam, while the sample arca was
imaged by secondary electron (SE) and backscattered
electron (BSE) techniques. The Ga ion gun was operated
at 30 kV with a beam current between 30 and 0.1 nA for

sample preparation. A deposited Pt stripe was used to
protect the surface. To remove amorphous layers on the
FIB cut, the foils were cleaned at 5 kV using 48 pA beam
current. Conventional bright-field TEM images, selected
area electron diffraction (SAED) patterns as well as high-
angle annular dark-field (HAADF) images were taken
with a FEI Technai G> FEG TEM, operating at 200 keV
and using a double tilt holder. HAADF images were
recorded at short (100 mm) and long (2 m) camera
lengths, to obtain almost pure Z contrast and diffraction
contrast information, respectively.

RESULTS
Sample Description

Basement rocks crop out over about 300 m between
the Klosterberg (48°5548.6" N 10°29'25.4” E) and
Langenmiihle (48°56'06.5” N 10°29'02.7" E), representing
crystalline megablocks (e.g., Abadian, 1972; Graup, 1978;
Sturm et al., 2015; Von Engelhardt, 1997; Figure 1). They
comprise metadiorites, amphibolites, metagranites, and
garnet-bearing gneisses. At the small former quarry
Langenmiihle II (48°56'02.0" N 10°29'12.4" E), calcite-
bearing metagranite cataclasites occur as dm-sized
irregular lenses (Figure 2a) and dm-wide veins (Figure 2b)
within the foliated gneisses. The cataclasites comprise
coarser metagranite clasts of a few cm in diameter,
twinned calcite in veins of a few mm to cm in width, and a
matrix with mixed metagranite and calcite clasts varying in
diameter from several pm to cm (Figure 2c,d).

Similar cataclasites that comprise coarse twinned
calcite in veins and a grayish matrix of mixed calcite and
metagranite clasts surrounding coarser metagranite clasts
(Figure 2e.f) are also present in the cores from the 1973
research drilling at depths of 975 m and 977 m. The
coarse twinned calcite in veins is commonly associated
with hypidiomorphic quartz (Figure 2f) and subordinate
fluorite.

In the rocks from both localities, next to the twinned
calcite clasts (call) in veins mixed with metagranite
components (mc) (Figure 3), also untwinned -calcite
occurs in matrix and veins (cal2, Figure 3c—f) but always
adjacent to twinned calcite. Calcite grain diameters vary
from several hundred pm to only few pm within fine-
grained aggregates (Figure 3a). Calcite-rich veins can
crosscut metagranite components (Figure 3a,b,d-f) as
well as calcite components (Figure 3c,d). Calcite can
occur as elongate laths in the matrix surrounding clasts of
metagranite (white arrow in Figure 3b) as well as in veins
(Figure 3f). Inclusion-poor quartz growth rims can be
present at the contact of metagranite clasts to the calcite-
rich matrix (red arrow in Figure 3b).
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FIGURE 3. Polarized light micrographs (crossed polarizers) showing calcite microstructures in samples from Langenmiihle II,
Maihingen (a—e), and within drill core sample (f). (a) Fine-grained calcite and twinned coarse-grained calcite components (call)
together with metagranite components (mc) form the matrix and components of the cataclasites. Fine-scaled veins crosscut
minerals from the metagranite (white arrows). (b) Metagranite component (mc) surrounded by a twinned, elongate calcite grain
(call). Quartz grain of metagranite component shows inclusion-free growth rim (red arrow). (¢) Untwinned calcite vein (cal2)
crosscutting twinned calcite (call) (white arrow). (d, ¢) Untwinned calcite (cal2) and twinned calcite (call) in vein crosscutting
metagranitic gneiss components (mc). (f) Elongate twinned calcite (call) in vein with hypidiomorphic quartz crystals and fine-
grained, untwinned calcite (cal2). (Color figure can be viewed at wileyonlinelibrary.com)

In veins, the untwinned calcite (cal2) can be calcites (cal2) that occur between twinned crystals (call)
elongate with a palisade shape and the long axis typically have an isometric grain shape and are a few
perpendicular to the vein wall (Figure 4a). Untwinned pm in diameter (Figure 4b,c). Untwinned growth rims
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FIGURE 4. Calcite BSE images (a-¢) samples at Langenmiihle II and (f) drill core sample. (a) Palisade-shaped untwinned calcite
(cal2) in contact with twinned calcite (call) in the vein. (b, ¢) New isometric, untwinned grains (cal2) within twinned calcite grain
(call). (d, e) Untwinned rim (cal2) surrounding twinned calcite (call) grains, which display sutured grain boundaries. (f) Fluorite
(fl) within vein of twinned calcite (call).

(cal2) around twinned grains (call) lead to sutured The composition of the twinned calcite (call) in the
grain boundaries (Figure 4d,e). In the calcite veins cataclasites of both localities is almost pure CaCO; with up
of the drill core sample, fluorite is locally present to 1 wt% MnOQO, below 0.2 wt% MgO, and below 0.15 wt%
(Figure 4f). FeO (total Fe content, no differentiation between Fe*™ and
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Table 1. Electron microprobe measurements.

CaO D.L. Ca MgO D.L. Mg MnO D.L. Mn FeO D.L. Fe CO, Total

JB2 (o) (ppm) (o) (ppm) (") (ppm) (o) (ppm) (%) (%)

Call 54.29 670 0.21 358 0.53 1088 0.02 1055 44.96 100.00
Call 53.79 633 0.03 417 0.79 966 0.14 1069 45.24 100.00
Call 53.84 636 0.17 360 0.55 1013 0.06 1100 45.38 100.00
Call 53.82 649 0.19 394 0.73 1157 n.d. 45.26 100.00
Call 54.15 591 0.10 423 0.72 1021 0.04 1094 44.99 100.00
Call 54.24 573 0.12 414 0.69 1028 0.04 1118 4491 100.00
Call 55.05 572 0.03 364 0.15 1012 n.d. 44.77 100.00
Call 53.65 617 0.33 419 0.40 1062 0.07 1121 45.54 100.00
Call 53.87 626 0.08 369 0.43 905 0.04 1039 45.59 100.00
Call 54.28 597 0.07 366 0.34 994 n.d. 45.31 100.00
Call 54.02 615 0.06 401 0.30 1056 n.d. 45.62 100.00
Cal2 52.34 630 0.22 432 0.60 1071 2.36 1117 44.47 100.00
Cal2 53.41 584 0.19 387 0.37 947 1.51 1053 44.51 100.00
Cal2 52.09 645 0.26 388 0.56 1047 242 1163 44.67 100.00
Cal2 53.67 580 0.24 416 0.36 1031 2.77 1196 42.97 100.00
Cal2 52.30 637 0.24 373 0.46 1002 2.13 1128 44.86 100.00

Note: D.L. refers to the detection limit. Electron microprobe measurements on twinned calcite grains (Call) and untwinned calcite in growth

rims around twinned calcite (Cal2) in sample of polymict crystalline breccia from Langenmiihle (sample JB2).

Abbreviation: n.d., not detected.

Fe’™) as indicated by EDS and EMP measurements
(Table 1). The composition of the untwinned calcites (cal2)
in the Langenmiihle samples show higher Fe contents with
up to about 3 wt% FeO and a slight enrichment in MgO, as
indicated by EDS and EMP measurements (Table 1) as well
as evident by the lighter gray in BSE images (Figure 4a—¢).
In contrast, the untwinned calcites (cal2) in the drill core
samples are also pure CaCOs, as the twinned calcites (call)
from both localities.

The observation of twinned calcite components in the
cataclasites from both localities (call, Figures 2d.f and 3)
is inconsistent with late post-shock precipitation from a
hydrothermal fluid. The impact structure was not subject
to major tectonic deformation after the impact event
except for some subsidence (Arp et al., 2021). Calcite
veins with locally occurring fluorite are known to occur in
metagranites and gneisses of the Variscan basement that
can be correlated with the basement rocks in the Ries
impact structure (e.g., Graup, 1977, 1978; Hiittner, 1977,
Stdhle & Otteman, 1977). Thus, the twinned calcite
components (call) as well as the metagranite components
are interpreted to originate from the Variscan basement,
that is, they belong to the crystalline megablock.
Nevertheless, it cannot be excluded that some calcite may
also originate from the sedimentary cover. Limestone
clasts from the sedimentary cover within crystalline
breccias are described for the 1973 research drill core (e.g.,
Stoffler et al., 1977).

The metagranite components in both samples include
altered feldspar, kinked biotite, chlorite, and Fe-oxides
(Figures 2e and 3b). No planar deformation features were

observed in quartz, which indicates low shock conditions
of <7 GPa (shock stage F-S2 according to Stoffler et al.,
2018).

Calcite Twins

All twin systems known as mechanical twins for
calcite, that is, e-, f~, and r-twins, were identified by EBSD
analysis in the twinned calcite (call) of the cataclasites
(Figures 5 and 6). Generally, e-, f-, and r-twins are
coherent twins, that is, they have a common twin and
composition plane, where the twin is characterized by a
rotation with respect to the host of 180° about the pole of
an e{OlTS},f{OlT2}, and r{10T4} rhombohedral plane,
respectively (e.g., Barber & Wenk, 1979; Schuster et al.,
2020). This twinning results in a specific misorientation
between the twin and the host, which can be analyzed
by EBSD.

The most commonly observed calcite twins in
our samples are e-twins, which are in the EBSD data
characterized by a misorientation angle of 78°, and a
misorientation axis parallel to <2021 >, which is the
pole to an {1014} plane. Furthermore, r-twins (Figure 5)
occur with twin boundaries parallel to the {1014}
rhombohedra, identified by a misorientation angle of
100° and a misorientation axis parallel to <0441 > in the
EBSD data. Note that the r-twin lamellae can cut
through the host and e-twin lamellae without deflection
(Figure 5a,b), because all three domains have a common
{1014} plane. The e-twins can themselves be twinned
containing secondary e- as well as r-twins that terminate
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FIGURE 5. Twinned calcite within a vein, FBN1973 drill core sample. (a) BSE image and (b) EBSD map (color coding
according to inverse pole figure of the vertical direction within the image plane, IPF Y) showing twinned calcite crystal with
e-twin and r-twin lamellae. Note that e-twin lamella 1 (blue/turquoise) is containing secondary fine-lamellar e-twins only
observable in the BSE image in (a), area indicated by black-rimmed rectangle. (c) Corresponding pole figures of host grain
(yellow), e-twin (turquoise lines), r-twin (blue lines). Note that the r-twin and e-twin 2 are showing an a-type crystallographic
relationship (red line, a-DL). (Color figure can be viewed at wileyonlinelibrary.com)

at the boundary to the primary e-twin (Figure 5a,b).
When e- and r-twins that have a common a-plane
(Figure 5¢) crosscut each other, a specific boundary between
these two twin domains is characterized by a misorientation
angle of about 35 £ 10° and a misorientation axis parallel
to < 1120 > (red line in Figure 5b). Such a crystallographic
relationship has been observed between so-called a-type
lamellae and their host calcite grains formed at high
strain  (>100) deformation experiments at room
temperature and 1-4 GPa confining pressure by Schuster
et al. (2020).

In addition, f“twins can occur in the EBSD data
characterized by twin planes parallel to {0112} rhombohedral
planes, a misorientation angle of 78°, and a misorientation
axis parallel to <2201 > (Figure 6). The ftwins can
themselves contain secondary r-twins as identified by
combined TEM (Figures 6a and 7b) and EBSD (Figure 6¢,d)
analysis. The r-twinned ftwins result in an a-type domain
characterized by a misorientation angle of 35 £+ 10° and
a misorientation axis parallel to < 1120 > relative to the host
calcite (Figure 7c,d), analogous to the misorientation between
r- and e-twins in Figure 5 and the a-type domains observed
from the high strain experiments of Schuster et al. (2020). The
secondary r-twin boundaries within the ftwins appear in

the EBSD map (Figure 6d) as irregular boundaries. Yet,
TEM reveals that the secondary r-twins in the f-twins
result in serrated boundaries to the host, which are partly
parallel to the primary f~twin and partly parallel to the
secondary r-twin (Figure 7b).

In TEM (Figure 7) and BSE images (Figure 8), the
thickness of the twin lamellae is found to be typically on
the order of tens to hundreds of nm. Rarely, e-twins
can show a width of up to 5 pm in BSE images and
EBSD maps (Figure 5a,b). Generally, no evidence of twin
boundary migration, for example by sutured
twin boundaries, is present. At the intersection between
different twin lamellae voids, so-called Rose channels
(Barber & Wenk, 1979; Langenhorst et al., 2003) can be
observed in TEM (black arrows in Figure 7f) and BSE
images, where e- and f~twins (white arrows in Figure 8a),
or e- and r-twins (white arrows in Figure 8b) crosscut
each other. Primary e-twins can contain secondary
e-twins (Figures 5a and 8d), secondary f-twins
(Figure 8e), and secondary r-twins (Figure 5a). Primary f-
twins can contain secondary r-twins (Figures 6d and 7b,
e). Three different e-twin lamellae can occur in one grain
(Figure 8b). In TEM, a high dislocation density (on
the order of 10" m™) is revealed associated with
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FIGURE 6. Twinned calcite within a vein (call), sample Jb2-a (Langenmiihle II). (a) TEM-diffraction image, location shown in
(b). (b) SE image showing high density of fine twin lamellae. (c) Pole figures of host grain (orange), e-twin (dark orange), f~twin
(green), and a-type lamellae (red) projected in the plane of the EBSD map (d). (d) EBSD map (IPF Y color coding) with twin
boundaries indicating e-, f-, and r-twins, as well as the a-type lamellae. Note that the a-type lamellae are related to the

misorientation of the host and r-twinned f-twins. (Color figure can be viewed at wileyonlinelibrary.com)

the twins and at the intersection of different twin lamellae
(white arrows in Figure 7a—c). Note especially the effect
of the r-twins on the boundary of the primary f-type
twins leading to a-type domains (red arrows in
Figure 7b—d, compare also Figure 6¢,d). The interaction
between the different twins can also lead to slightly
rotated crystal domains with misorientation angles <20°
(red arrows in Figure 8c,e,f). Generally, the twin density
is exceptionally high with >1/pm (Figures 7 and 8).

The twin density can vary with a tendency of an
increased density at the rim of veins to the matrix

(Figure 9). Directly at the contact of a calcite vein to the
matrix of the cataclasite, a fine-grained CaCO; aggregate
occurs that could not be indexed by EBSD (due to the
small grain size and/or due to a high defect density) and
which is followed by a fine-grained aggregate of
untwinned calcite grains toward the contact of the
twinned calcite in the vein with decreasing twin density
towards the vein center. The untwinned calcite (cal2)
shows a broad range in orientations but a maximum
corresponding to that of the twinned coarse calcite
(Figure 9c.d). The relative misorientation angle within
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FIGURE 7. Bright-field TEM images from sample area shown in Figure 6b,d. (a) Locations of images (b-f) are indicated by
colored rectangles. Note the thin r-twin lamellae in the a-type domain, compare Figure 6d. The white arrows point to
high dislocation densities at the intersection of twins. The red arrows show the serrated boundaries of a-type domain related to
r-twins in an f~twin lamellae. Black arrows in (f) mark voids at the intersection between different twin lamellae. (Color figure can
be viewed at wileyonlinelibrary.com)

these grains, indicated by the angular deviation from Elongate twinned calcite grains (call) in veins have
the average grain orientation, is generally below a few commonly been observed (Figure 3b,f) that have a c-axis
degrees (Figure 9a). perpendicular to the long axis of the host grain
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FIGURE 8. BSE images showing twinned calcite from sample JB2b, Langenmiihle II (a-d) and the FBN73 drill core sample
FBN73-21_3 (e, f, compare Figure 10a). White arrows mark so-called Rose channels. Red arrows point to slightly rotated crystal
domains without specific misorientation (<20°). (a) Crosscutting e- and f~twin lamellae. (b) Crosscutting r- and e-twin lamellae.
Three different e-twins occur. (c, d) Crosscutting e- and r-twin lamellae. Note that e-twin lamellae can contain themselves e-twin
lamellae. (e) e- and f~twin lamellae. Note that e-twin lamellae can contain themselves f~twin lamellae. (f) Crosscutting - and e-
twin lamellae, which can end at the intersection. (Color figure can be viewed at wileyonlinelibrary.com)

(Figure 10). In larger aggregates of calcite with high twin ~ without specific crystallographic relationships and
densities (call, compare Figure 10a and corresponding misorientations typically below 20° from the host
BSE images in Figure 8e.,f), also grain orientations orientation are observed that can result in low angle grain
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FIGURE 9. EBSD data of FBN73 drill core sample (FBN73-21_1). (a) Grain Reference Orientation Deviation map (GROD,
angular deviation from the average grain orientation) and (b) EBSD map (IPF Y) of twinned calcite in a vein (call), drill core
sample. Fine-grained untwinned calcite (cal2) aggregates and a zone of not-indexed CaCOs; at the contact to quartz crystals at
the boundary to the vein. Note the increasing twin density at the contact to the fine-grained calcite. (c) Crystallographic
orientation of the coarse twinned calcite and (d) of the fine-grained calcite with density plot. Note the almost random orientation
of the fine-grained calcite aggregate but weak maximum close to the orientation of the coarse adjacent grain. (Color figure can
be viewed at wileyonlinelibrary.com)
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boundaries (yellow lines in Figure 10c). The relative
misorientation angle within single grains, indicated by the
angular deviation from the average grain orientation, can

FIGURE 10. EBSD data of vein in drill core sample FBN73-
21 3. (a) EBSD map (IPF Y) of twinned calcite in a vein
(call), drill core sample (compare BSE images Figure 8e,f)
and (b) corresponding pole figures of c-axes, {1120} prism
and {1011} rhombohedral planes and density plots. Note the
shape and crystallographic preferred orientation with the c-axes
perpendicular to the long axes of grains. (¢c) GROD map
(angular deviation from the average grain orientation) of area
indicated by rectangle in (a) with low (<10°) and high (>10°)
angle grain boundaries indicated by pink, respectively, black
lines in addition to twin boundaries. Quartz grains are marked
as pink phase. (Color figure can be viewed at
wileyonlinelibrary.com)

be up to 20°, especially in calcite grains that are in direct
contact with isolated quartz inclusions (Figure 10c).

DISCUSSION
Comparison with Previous Studies on Calcite Twinning

The fine-lamellar twins with widths of <100 nm
occurring in densities of >1/um (Figures 7 and 8)
compare well to the early deformation experiments of
Barber and Wenk (1979) as well as to those from shock
experiments (Kenkmann et al., 2018; Kurosawa et al.,
2022; Langenhorst et al., 2003). Langenhorst et al. (2003)
observed similarly fine-lamellar twins, as well as a
second generation of twins, that is, multiple twinning.
However, in the shock experiments on single crystals of
Langenhorst et al. (2003), no e-twins were observed,
which is possibly related to unsuitable orientations to
the principal stress directions, that is, an insufficiently
high resolved shear stress on the twin plane. Here, we
observe e-, f-, and r-twins in single calcite crystals, which
requires that the critical resolved shear stress was
reached for all twin systems. We observe multiple
twinning, where primary e-twins can contain secondary
e-twins (Figures 5a and 8d), secondary f-twins
(Figure 8e), and secondary r-twins (Figure 5a) and
primary f-twins can contain secondary r-twins
(Figures 6d and 7b,e).

The interaction between different twin domains
commonly leads to a specific crystallographic relationship
characterized by a misorientation angle of 35 + 10° and
a misorientation axis parallel to a pole of an a {1120}
prism plane (Figures 5 and 6). This a-type relationship
has been specified to occur between crosscutting e- and -
twins with a common a-plane in one host crystal
(Figure 5) and between the host calcite and secondary r-
twins in primary f-twins leading to the a-type domains
(Figures 6 and 7b). The a-type relationship and the
interaction between e- and r-twins and r- and f-twins has
been similarly found in high shear strain deformation
experiments at relatively high static pressures (1-4 GPa)
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by Schuster et al. (2020). The interaction between strongly
twinned crystals can also lead to new orientations without
specific crystallographic relationships and misorientations
typically below 20° from the host orientation (Figures 8c,e,f
and 10). The twin-related grain rotation is consistent
with the observation of an enhanced high dislocation
density, where different twin lamellae crosscut each
other (Figure 7). An enhanced dislocation density can be
explained by strain accommodation during multiple
twinning by dislocation glide, by the increased stresses
at the tip of the propagating twin boundaries (Barber &
Wenk, 1979) and by strain hardening, given that the
twin boundaries act as obstacles to dislocation glide
(e.g., Rybacki et al., 2021). However, voids, the so-
called Rose channels, can also be present at the twin
intersections, as observed in TEM (black arrows in
Figure 7f) and BSE images, where e- and f- (white
arrows in Figure 8a), or e- and r-twins (white arrows in
Figure 8b) crosscut each other. These Rose channels
have similarly been observed in shock experiments
by Langenhorst et al. (2003) and the deformation
experiments by Barber and Wenk (1979). These authors
interpreted the voids to result from multiple twinning.
Whether voids or dislocations are produced might be
controlled by the local orientation of the crystal to the
principal stress directions, that is, the Schmid factor for
the given twin system. The interaction of the different
twin domains further results in serrated boundaries,
representing the boundary between primary or secondary
twins to the host or crosscutting other twins (red arrows
in Figure 7b—e). In TEM, no evidence of recovery, for
example, by well-ordered subgrain boundaries, is observed
that would indicate effective dislocation climb.

The deformation experiments by Rybacki et al.
(2021), which demonstrated that the concurrent
activation of twinning, dislocation glide, and fracturing in
calcite, that is, twinning-induced plasticity in calcite at
low temperatures, are consistent with our observations.
Evidence for fracturing of calcite is prerequisite for the
cataclasites and indicated by the twinned calcite clasts
that are cemented by untwinned calcite (Figures 2 and 3).

In tectonic fault rocks, e-twins are most common,
and the width of the twins is found to correlate with
temperature (Burkhard, 1993; Ferrill et al., 2004): thin
twins (<5 pm) are assumed to form at temperatures
<200°C, thick twins (>5 pm width) at temperatures
>200°C and at temperatures >250°C dynamic
recrystallization of calcite with twin boundary migration
occurs. Our observed twin microstructures with typical
twin width <1 pm, e-, f~, r-twins and a-type lamellae
present in a single grain (Figures 6-8), however, differ
markedly from those reported in tectonic fault rocks.
Only rarely e-twins can show widths of up to 5 pm in
BSE images and EBSD maps (Figure 5a,b).

Overall, the microstructure reflects twinning-induced
plasticity in calcite, without evidence of recovery (no well-
ordered subgrain boundaries) or twin boundary migration
(no sutured twin boundaries). The post-shock temperatures
were thus rather low preventing effective thermally
activated dislocation climb.

Deformation of Calcite During Cataclasis and Mixing

In accordance with the low post-shock temperatures,
the absence of shock effects in quartz indicates that the
metagranite with calcite veins experienced low shock
pressures, that is, below 7 GPa (see Stoffler et al., 2018).

The critical resolved shear stress for calcite twinning
is with several tens of MPa relatively low (e.g., Covey-
Crump et al., 2017; Parlangeau et al., 2019). Yet, the
activation of different twins and the twin density are
known to be strongly dependent on stress, which makes
calcite twinning a widely used paleopiezometer (e.g.,
Lacombe, 2007; Rowe & Rutter, 1990; Rybacki et al.,
2013, 2021). Although the experimental setup for the
calibration of the twin paleopiezometers largely deviates
from the geological conditions during impact cratering, it
may still give an estimate on the order of the differential
stress during deformation. Applying the calcite twin
paleopiezometer by Rybacki et al. (2013), the twin
density of fine-lamellar twins of >1/um and widths of
<100 nm (Figures 7 and 8) yields differential stresses on
the order of 1 GPa. These estimates are comparable to
those from twinned calcite in shock experiments by
Langenhorst et al. (2003) and Kenkmann et al. (2018).
High differential stresses are also consistent with the
observation of e- f-, and r-twins together with a-type
domains in single calcite crystals, which requires that the
critically resolved shear stress was reached for all twin
systems. Numerical models predict high differential
stresses on the order of several GPa during quasi-
instantaneous loading caused by impact even at relatively
low shock pressures (Rae et al.,, 2019, 2021). The
relatively low shock pressure suppresses brittle failure on
one hand and still allows for sufficient shear stresses
and the accumulation of shear strain on the other
(Trepmann, 2008).

Burt et al. (2005) reported impact-induced calcite
twins from the Meteor Crater, Arizona, and Lindgren
et al. (2011) from carbonaceous chondrites both at
relatively low shock levels, well consistent with our
findings. Kurosawa et al. (2022) observed undulatory
extinction of calcite under an optical microscope
associated with twins in experimentally shocked samples
to >3 GPa. The calcite twins that were generated in
experiments by Langenhorst et al. (2003) at shock
durations of nanoseconds, that is, strain rates on the
order of up to 10° s™! formed quasi-instantaneously. In

85UBD17 SUOWIWOD) dAI81D) 3 |aedl|dde ay) Aq pausenob ae sajolLe YO ‘8sn Jo sajnl Joj Arelq 1T auluQ A3]1IAA UO (SUOIIIPUOI-pUe-SWLB)W0D AB | 1M ARe.d 1BU|UO//SANY) SUOI}IPUOD pue SWid | 8L} 88S *[i7202/20/90] Uo Arlqiauluo 8|1 ‘Auewies) aueiyooD Aq 9501T sdew/TTTT OT/I0p/wod A8 [Im: AReiq 1 jpuluo//:sdny woly papeojumod ‘6 ‘€202 ‘00TSSY6T



1302 L. Seybold et al.

nature, the shock duration is longer according to the
larger diameter of the projectiles, but still on the order of
seconds (e.g., Langenhorst et al., 2003; Melosh, 1989).
In contrast to these extremely short time scales,
also deformation experiments at strain rates of 1074 s~
to 1.7 x 1072 s~! (with longitudinal/shear strain and not
volumetric strain) and at static but relatively high
confining pressures (1-4 GPa) from Schuster et al. (2020)
and Barber and Wenk (1979) can generate very similar
twinning microstructures. All these experiments, though
at different time scales, realize high differential stresses
at relatively high confining pressures, both on the order
of one to few GPa. As high differential stresses are
prerequisite for the inferred twinning-induced plasticity,
we suggest that the deviatoric component of the shock-
related stress is the controlling factor and not the
dynamic  quasi-instantaneous  shock loading to
compressive stresses. Yet, a sufficient confining pressure
is required to prevent brittle deformation. Thus, in
principle, such a twinned calcite microstructure might
also be expected in carbonate-rich fault rocks deformed
coseismically at high stresses close to hypocentral depths
of major earthquakes in the continental crust, which,
however, has to our knowledge not been observed so far.

Calcite Crystallization Within the Cataclasites

The veins of twinned calcite crosscutting metagranite
clasts and coarse calcite clasts (Figures 2d and 3a-f) as
well as the shape of elongate twinned calcite crystals in
veins and surrounding metagranite components (Figure 3b.,f),
indicate that calcite was deformed during cataclasis
within the crystalline megablocks. No microstructural
evidence for crystallization from a melt (e.g., budding,
carbonate globules) or devolatilization and major
transport of the components has been identified. That
the calcite-bearing metagranites are more strongly
affected by cataclasis then the surrounding gneisses
(Figure 3a) might be due to the strong contrast of
mechanical properties of the metagranite and the calcite
veins.

The untwinned calcite (cal2) that shows no evidence
of deformation represents a late generation crystallized
within the cataclasites, that is, after deformation and
formation of the cataclasites. The untwinned calcite
growth rims surrounding twinned calcite are enriched in
Fe and Mn (Figure 4d,e), indicating grain boundary
migration driven by both, chemical gradients and
reduction in strain energy, after deformation, that is,
static recrystallization and/or precipitation from the pore
fluid. The untwinned calcite (cal2) in veins (Figure 3d)
that can show palisade structures (Figure 4a) and
euhedral crystals in open cavities, is interpreted to have
precipitated from a pore fluid subsequent to the impact

event. The chemical variation of calcite growth rims in
the Langenmiihle samples in contrast to the pure calcite
compositions in the FBN1973 drill core samples might
indicate the involvement of calcite-rich components
of the sedimentary cover and/or the involvement
of chemically more variable fluids in the Langenmiihle
samples.

The increasing density of twins in calcite veins
followed by aggregates of untwinned new grains (cal2)
and finally in EBSD maps non-indexed CaCOj; (without
any chemical difference identified by EDS and EMP)
toward the boundary of the vein to the matrix (Figure 9)
is interpreted as a strain gradient. The least strained part
shows a relatively low twin density (Figure 9a,b). The
untwinned grains (cal2) with low internal misorientation
(Figure 9a) are interpreted to have grown from strongly
deformed calcite driven mostly by the reduction in strain
energy, that is, recrystallization, as indicated by the weak
crystallographic preferred orientation associated with the
orientation of the adjacent coarse grain, which is
probably the host crystal (compare Figure 9c,d). An
involvement of fluids as discussed above cannot be ruled
out, however, here no chemical gradient has been
observed. The non-indexed CaCOj; is interpreted to
represent a highly strained volume with very fine grain
size and/or distorted crystal structure with high defect
density.

Overall, the untwinned calcite (cal2) represents a
second generation of calcite formed after the impact, as
the untwinned grains are strain free (Figure 9a). The
occurrence of this young generation of undeformed
calcite indicates that the stresses remained low (< a few
tens MPa) after their formation.

CONCLUSIONS

Based on the observed microstructures of the calcite-
bearing metagranite cataclasites from the Langenmiihle
IT outcrop at the northwestern inner ring and the
FBN1973 research drilling (depths of 970 m) north to
the city of Nordlingen we conclude the following:

e Twinned calcite (call) in the cataclasites is
interpreted to originate from pre-shock calcite veins
within the rocks of the Variscan basement.

e Primary e-twins can contain secondary e-twins
(Figures 5a and 8d), secondary f-twins (Figure 8e),
and secondary r-twins (Figure 5a). Primary f-twins
can contain secondary r-twins (Figures 6d and 8b,e).
Three different e-twin lamellae can occur in one grain
(Figure 8b). Generally, the twin density is
exceptionally high with >1/um (Figures 7 and 8),
indicating high differential stresses on the order of
1 GPa.

85UBD17 SUOWWOD BARe1D) 8|edl|dde au Aq paueA0b 818 S3OIMe YO ‘88N JO S9INJ 404 Afeiq| ] 8UIUO /]I UO (SUOIPUOD-PUR-SLLBI WD A3 | 1M Afe.q) 18U |UO//:SANY) SUOBIPUOD PUe WS L 8U3 89S *[7202/20/90] U0 Ariqiauliuo A8 |1M ‘Auewi o aueiyooD Aq 950 T Sdew/TTTT OT/I0p/W00" A3 | 1M Al pul|UO//SONY WOI) papeo|uMoq ‘6 ‘€202 ‘00TSSKET



Twinned calcite as low shock pressure barometer 1303

e The crystallographic relationship between crosscutting
e- and r-twins (Figure 5) as well as between the
host and secondary r-twins in primary f-twins
(Figure 6) is characterized by a misorientation of
35 £ 10° and a misorientation axis parallel to
<1120>. The interaction between r-twins with
primary f-twins can result in so-called a-type lamellae,
which were recently reported from high strain
experiments (Schuster et al., 2020) and hitherto
unknown from naturally deformed rocks.

e Calcite twinning took place controlled by the high
differential stresses during quasi-instantaneous
loading to relatively low shock conditions (<7 GPa
shock pressure, as quartz does not contain planar
deformation features).

e Deformation led to mobilization of calcite cementing
the cataclasites without the involvement of melting
or devolatilization.

e New grains formed after deformation by strain-
induced grain boundary migration (Figure 4d.e),
growth from strongly damaged crystals (Figure 9),
rotation due to interaction of different twin lamellae
(Figures 8c.e.f, 9 and 10), and/or precipitation from
a pore fluid associated with chemical gradients
(especially Langenmiihle samples, Figure 4a—¢).

Our study substantiates that calcite is an efficient
shock barometer at relatively low shock conditions. The
deviatoric component of the shock-related stress is
the controlling factor and not the quasi-instantaneous
loading to dynamic shock pressures, as indicated by
similar calcite twin microstructures from tectonic
deformation experiments. We suggest that the conditions
of high differential stresses and high confining pressures
both on the order of one to few GPa are required for
such a twinned calcite microstructure. Thus, it might in
principle also be expected in carbonate-rich fault rocks
deformed coseismically at high stresses and depths where
the lithostatic pressure is sufficient to prevent
dominantly brittle behavior, that is, at hypocentral
depths and below, which, however, has not been
observed so far.
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